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ABSTRACT   
 
Pollutants originating with roof runoff can have a significant impact to urban 
stormwater quality. This signifies the importance of understanding pollutant processes 
on roof surfaces. Additionally, knowledge of pollutant processes on roof surfaces is 
important as roofs are used as the primary catchment surface for domestic rainwater 
harvesting. In recent years, rainwater harvesting has become one of the primary 
sustainable water management techniques to counteract the growing demand for 
potable water.  
 
Similar to all impervious services, pollutants associated with roof runoff undergo two 
primary processes: build-up and wash-off. The knowledge relating to these processes is 
limited. This paper presents outcomes of an in-depth research study into pollutant 
build-up and wash-off for roof surfaces. The knowledge will be important in order to 
develop appropriate strategies to safeguard rainwater users from possible health risks.  
 
Keywords:  Rainwater harvesting; Pollutant build-up; Pollutant wash-off; Rainfall 
simulation; Roof runoff 
 
NOMENCLATURE  
 
a, b  Empirical coefficients 
B Build-up load on road surface (g/m2) 
CF Capacity factor 
D  Antecedent dry days 
Fw Fraction wash-off 
I Rainfall intensity 
k Wash-off coefficient 
t Time 
W Weight of the material mobilised after time t 
W0 Initial weight of the material on the surface 
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1. INTRODUCTION 
 
It is widely accepted that pollutants originating from urban impervious surfaces 
dramatically alter receiving water quality (House et al., 1993; Novotny et al., 1985; 
Sartor et al., 1974). In the approach to developing mitigation actions to protect the key 
environmental values of receiving waters, it is important to understand the primary 
sources where pollutants originate. Road surfaces are commonly regarded as the 
primary pollutant source in the urban environment (Sartor et al., 1974; Shaheen, 1975; 
Vaze and Chiew, 2002). However, the pollutant contribution from roof surfaces could 
also be significant (Bannerman et al., 1993). The empirical study conducted on 
residential catchments in the Gold Coast, Queensland State, Australia substantiated that 
the pollutant contribution from roofs could be higher than the contribution from road 
surfaces for the relatively smaller intensity rainfall events (Egodawatta and 
Goonetilleke, 2008b). Consequently, this confirmed the importance of undertaking in-
depth investigation into pollutant processes on roof surfaces.  
 
Furthermore, understanding of pollutant processes on roof surfaces has become highly 
relevant since roofs are typically used as the source catchment areas for domestic 
rainwater harvesting. Rainwater harvesting is becoming an increasingly popular 
sustainable water management practice. This is particularly case in Australia in the 
context of over-stressed natural water resources resulting from increasing water demand 
due to from significant population growth in the major cities (Chanan and Woods, 2006; 
Coombes et al., 1999). However, the increasing use of rainwater from roof runoff for 
domestic purposes could entail a possible health risk (Evans et al., 2006; Lye, 2002; 
Spinks et al., 2003).  
The points of view on harvested rainwater quality and the associated health risk differ in 
research literature. Research by Coombes et al., (1999) and Dillaha and Zolan, (1985) 
into the quality of the harvested rainwater noted relatively few pollutants in rainwater 
tanks. Coombes et al., (1999) further noted that the particulate settlement and 
constituent decay occurring within rainwater tanks provide an adequate level of 
treatment within the tank itself. However, with the recent developments in investigation 
technology and knowledge base, it has been recognised that there can be health risks 
associated with the use of untreated rainwater for human consumption. For example, 
Evans et al., (2006); Lye, (2002) and Spinks et al., (2003) noted that there is a high 
possibility of biological and chemical pollutants in roof runoff which could eventually 
end up in rainwater tanks. The amount of pollutants and type of constituents available 
on roofs showed significant site specific characteristics.   
 
It is commonly known that the physico-chemical pollutants available on roof surfaces 
are due to either atmospheric depositions or degradation of cladding material (Forster, 
1996; Van Metre and Mahler, 2003). The rate of depositions on roofs and the types of 
pollutants varies with a range of site specific factors such as surrounding land-use 
activities, traffic and climatic conditions (Van Metre and Mahler, 2003). Degradation of 
cladding material and coatings could also contribute significantly and varies with 
factors such as the acidity of rainwater, atmospheric conditions and characteristics of 
the cladding material (Simmons et al., 2003). The pollutants of microbiological origin 
primarily originate from birds, small mammals and leaves from overlying vegetation. 
Microbiological pollutants are also shown to have a significant site specific nature in 
terms of load and constituents (Spinks et al., 2003). 
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Though the loads and types of constituents on roof surfaces are site specific, the 
physical processes that characterize the build-up of pollutants and wash-off during 
rainfall events would be universal. Irrespective of the region and the range of influential 
factors, there is common understanding on pollutant build-up and wash-off processes on 
road surfaces (Egodawatta et al., 2007; Herngren et al., 2005a; Sartor et al., 1974). As 
noted by Egodawatta et al., (2007) and Egodawatta and Goonetilleke, (2008a), build-up 
and wash-off processes can be replicated using a universal set of mathematical 
equations with different coefficients to reflect pollutant loads and pollutant build-up 
rates. However, there is inadequate knowledge available to develop similar relationships 
in relation to pollutant processes on roof surfaces.  
 
Knowledge on physical processes governing pollutant build-up and wash-off on roof 
surfaces is important in order to develop effective risk mitigation strategies for 
stormwater harvesting. It is a common practice to bypass the first flush flow to reduce 
pollutant accumulation in rainwater tanks. In general, this is achieved with bypassing a 
fixed volume of initial roof runoff. The volumetric characterization of first flush can be 
open to question due to the variation of wash-off with a range of parameters such as 
rainfall intensity and duration. 
 
This paper presents the outcomes of a detailed investigation into pollutant build-up and 
wash-off from residential roof surfaces. Investigations were conducted using two model 
roof surfaces. Data generated were used for developing relationships on solids build-up 
on roof surfaces with antecedent dry days. Wash-off of solid pollutants was investigated 
using simulated rainfall. Analysis of the data collected was extended to understand the 
underlying the physical processes that govern pollutant wash-off from roof surfaces.   
2. MATERIALS AND METHODS 
 
2.1 Investigative Methodology 
The research study primarily focused on detailed physical processes on small test plots 
replicating roof surfaces. Use of model roofs as small test plots (3 m2) eliminated the 
possible heterogeneity of pollutant distribution and surface characteristics of actual roof 
surfaces. These test plots which provided a close replication of actual roof surfaces were 
mounted on a scissor lift arrangement as shown in Figure 1. As such, the roofs could be 
raised to the typical roofing height to enable pollutant accumulation naturally and then 
lowered to ground level for wash-off investigations. This approach was adopted in order 
to eliminate the practical difficulties inherent in investigating pollutant process on actual 
roofs. Two roofing products; corrugated steel and concrete tiles were used for cladding. 
These products are the most widely used roofing types in the study region. The roofing 
angle used was 200. The model roofs were placed in an area which is mostly residential 
with a few major roads in the vicinity. Part of the study site is unpaved and is used for 
storage purposes. 
 
An artificial rainfall simulator was employed to investigate pollutant wash-off from the 
model roof surfaces. This was to eliminate the dependency on naturally occurring 
rainfall events due to their inherent uncertainty and variability. The approach adopted 
provided better control over influential variables such as rainfall intensity and duration. 
Consequently, the use of simulated rainfall enables the generation of a large volume of 
data in a relatively short period of time.  
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The specially designed rainfall simulator used to generate the artificial rainfall events is 
illustrated in Figure 2. The rainfall simulator consists of three Veejet 80100 nozzles 
connected to a nozzle boom and stands at 2.5 m above the ground level. The nozzle 
boom swings in either direction with controlled speed and delay. Water is supplied to 
the nozzle boom by pumping from an externally located tank. De-mineralised water 
spiked to replicate typical rainwater quality in the region was used for the simulation. 
The simulator was designed to re-produce natural rainfall events as closely as possible. 
Important characteristics of natural rainfall as noted in literature are rainfall intensity, 
drop size distribution and kinetic energy (Best, 1950; Hudson, 1963; Rosewell, 1986). 
The speed and delay of the nozzle boom was calibrated in order to ensure it simulates 
the selected rainfall intensities. It was also verified that the drop size distribution and 
kinetic energy of each event is closely replicated. Details on the design and operation of 
the rainfall simulator can be found in Herngren et al., (2005b). 
 
2.2 Roof Surface Investigations 
Roof surfaces were investigated separately for pollutant build-up and wash-off. Build-
up samples were collected from the model roof surfaces by washing the surface with 
approximately 7 L of deionised water using a soft brush. The runoff was collected in 
clean plastic containers using a typical roof gutter system. Build-up investigations were 
conducted for 1, 2, 3, 5, 7, 14 and 21 antecedent dry days. It was hypothesised that the 
build-up primarily varies with the number of antecedent dry days (Ball et al., 1998; 
Sartor et al., 1974).  
 
Wash-off investigations were conducted on a weekly basis. In each week, one particular 
rainfall intensity was simulated on both model roof surfaces. It was concluded from the 
build-up investigations that after a 7 day period of dry weather, the amount of pollutants 
collected on roof surfaces asymptotes to an almost constant value. This phenomenon is 
discussed in further detail below. The amount of pollutants available for wash-off for 
each rainfall simulation was also determined by employing the same procedure as for 
pollutant build-up investigation using one half of the model roof. Four rainfall 
intensities were simulated on roof surfaces (see Figure 3). These intensities were 20, 40, 
86 and 115 mm/hr. For each simulation, runoff samples from the roofs were collected 
for several different durations. Altogether, samples were collected for five to seven 
durations. Each simulation was continued until no significant amount of pollutants was 
evident in the wash-off samples.  
 
2.3 Laboratory Analysis 
Build-up and wash-off samples collected were transported to the laboratory for testing 
with sample handling and preservation undertaken according to AS/NZS, (1998). For 
pollutant analysis, suspended solids were adopted as the indicator pollutant. Hence, the 
primary emphasis was to determine parameters such as total suspended solids (TSS) and 
particle size distribution. The validity of this approach stems from the fact that 
suspended solids are not only a significant stormwater pollutant in its own right, but 
also acts as a mobile substrate for the transport of other stormwater pollutants such as 
heavy metals and hydrocarbons to receiving waters (Herngren et al., 2005a; Sartor et al., 
1974). Testing for TSS was undertaken according to Test Method No. 2540D (APHA, 
1999). Particle size distribution was determined using a Malvern Mastersizer S particle 
size analyser. The analyser has a reverse Fourier lens of 300 mm diameter. It can 
analyse particles in the range of 0.05-900 µm. In this range, the manufacturer has 
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specified a reading accuracy of ±2% of the median diameter (Malvern Instruments Ltd., 
1997).  
 
3. RESULTS AND DISCUSSION 
 
3.1 Build-up on Roof Surfaces 
Analysis of build-up was done primarily to quantify the pollutant load on each cladding 
material, to investigate the variation and physical processes inherent in build-up and to 
understand the variation of build-up with antecedent dry days. It is commonly known 
that the rate of build-up is relatively high just after a storm event and the rate reduces 
gradually as the antecedent dry days increases. Ultimately, the total build-up will 
asymptote to an almost constant load (Ball et al., 1998; Egodawatta and Goonetilleke, 
2006; Sartor et al., 1974).   
 
Figure 4 shows the variation in pollutant build-up with antecedent dry days as obtained 
for corrugated steel and concrete tile roofs and is compared with values obtained for 
road surfaces. Data on road surface pollutant build-up was extracted from Egodawatta 
and Goonetilleke, (2006). As illustrated in Figure 4, the rate of pollutant build-up on 
roof surfaces is gradual compared to typical road surfaces with the first day average 
build-up rate being only 0.4 g/m2. The initial build-up on road surfaces is in the range of 
1 to 2 g/m2. This variation could be primarily due to the differences in pollutant sources 
and deposition mechanisms. Road surfaces are subjected to direct deposition of abrasion 
products and fuel and lubricant leakages from vehicles in addition to atmospheric 
deposition whereas roofs are primarily subjected only to atmospheric deposition of 
pollutants. Additionally, the ability of roof surfaces to hold pollutants against wind 
turbulence could be lower when compared to roads due to the relatively smoother 
surface texture.  
 
As evident in Figure 4, pollutant build-up on roof surfaces is rapid during the initial 
antecedent dry days with around 80% of the total build-up occurring within the first 7 
days. Similar behaviour in build-up is also common for road surfaces (Ball et al., 1998; 
Egodawatta and Goonetilleke, 2006; Sartor et al., 1974). As the number of dry days 
increases beyond the threshold number, the build-up on corrugated steel exceeded the 
build-up on the concrete tile roofs. It is hypothesised that this is due to the pollutant 
holding capacity of the cladding material. However, the difference between build-up for 
the two materials types was not significant. The difference in build-up for the two 
materials after a 21 day period was only 0.2 g/m2, with around 1 and 0.8 g/m2 of total 
build-up on corrugated steel and concrete tile roofs respectively. Therefore, it can be 
concluded that the build-up is similar for both roofing materials. The build-up loads 
obtained from the research study partially agreed with the outcomes of the study by Van 
Metre and Mahler, (2003). They found that the build-up on roof surfaces varies in the 
range of 0.16 to 1.2 g/m2 depending on the length of the antecedent dry period. Their 
investigation was based on 4 m high roof surfaces close to an expressway. 
 
Though the pollutant build-up rate and loads are different, the process of pollutant 
build-up on roof surfaces is closely similar to that for road surfaces. The rate of 
pollutant build-up with time is commonly regarded as a decreasing rate increasing 
function. This relationship is typically replicated using exponential and power functions 
for the purpose of mathematical modelling (Ball et al., 1998; Egodawatta and 
Goonetilleke, 2006; Sartor et al., 1974).  
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The research study outcomes found that the observed behaviour of pollutant build-up on 
roof surfaces can be closely replicated using a power equation. A power function was 
selected after evaluating the performance of a range of other equation formats such as 
exponential and logarithmic functions. The power equation developed was in following 
format:  
baDB =        (1) 
Where, 
a, b  Empirical coefficients; 
B  Build-up load on road surface (g/m2); and  
D   Antecedent dry days. 
 
Appropriate values for the two empirical build-up coefficients; a and b are essential for 
mathematical replication. Due to the similarities in pollutant build-up for the two 
cladding materials, a common parameter set was developed. The derivation of the 
coefficient values using the observed data from the study was undertaken using the 
method of least squares. The coefficient values obtained were 0.43 and 0.266 for a and 
b respectively.  The predicted variation as seen in Figure 4 describes the performance of 
the build-up equation using the two coefficients derived.  
 
The samples collected during pollutant build-up investigations were analysed for 
particle size distribution of the suspended solids and presented in Table 1. As evident in 
Table 1, nearly 70% of the particles from both surfaces are less than 200 μm size range. 
The fraction greater than 400 μm is a maximum of 13%. This underlines the fineness of 
the pollutants available on roofs. The average variation in particle size distribution for 
different antecedent dry days is shown in Figure 5. As evident in Figure 5, it is difficult 
to detect any trend in changes to pollutant accumulation with increasing antecedent dry 
days. This suggests that, both deposition of pollutants on roof surfaces and their re-
suspension occurs independent of the particle size.   
 
3.2 Wash-off from Roof Surfaces 
Knowledge of pollutant wash-off and associated physical processes is critical for the 
development of appropriate strategies for managing the quality of rainwater harvested. 
Van Metre and Mahler, (2003) noted that the first 2.6 mm depth of rainfall is capable of 
mobilising most of the pollutants collected on cladding material. Quek and Forster, 
(1993) also reported that pollutant wash-off from roof surfaces occurs primarily during 
the initial part of the rainfall event. However, both research studies did not clarify the 
variation of pollutant wash-off with primary rainfall parameters such as intensity and 
duration. Consequently, the understanding of pollutant wash-off phenomena from roof 
surfaces and the underlying physical processes is constrained.  
 
Detailed knowledge on wash-off and underlying physical processes are available for 
road surfaces. As noted by Sartor et al., (1974), pollutant wash-off can be best replicated 
using an exponential equation. They concluded that pollutant wash-off varies with the 
particle size distribution and suggested different wash-off coefficients for different 
particle size ranges. Egodawatta et al., (2007) developed a similar exponential equation 
for pollutant wash-off for roads. However, they noted no variation of wash-off process 
for different particle size ranges. They suggested the possible variation of wash-off 
process with particulate density.  
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The knowledge that exists for road surface wash-off was used as guidance in the 
research investigations for the analysis of wash-off data from roofs. This approach was 
based on the hypothesis that there will not be any appreciable change in the wash-off 
process though there is a change in the surface type. It was however understood that 
there can be deviations and that these can be parameterized into a single wash-off 
equation. Specifically, the mathematical equation for replicating the wash-off process 
on roads as developed by Egodawatta et al., (2007) was used as guidance. They 
concluded that the wash-off process is independent of the initially available of pollutant 
amount on the surface. Based on this conclusion they defined the term, ‘fraction wash-
off’ (Fw) which is the ratio of the wash-off load to the initially available pollutant load. 
The resulting mathematical equation is in the form as given in equation 2 below. 
)1(
0
kIt
F eCW
WFw −−==             (2) 
Where, 
CF Capacity factor; 
Fw Fraction wash-off; 
I Rainfall intensity; 
k Wash-off coefficient; 
t Time; 
W Weight of the material mobilised after time t; and 
W0 Initial weight of the material on the surface. 
 
The capacity factor (CF) signifies the ability of a specific rainfall intensity to mobilize 
available pollutants. Egodawatta et al., (2007) further noted that the applicability of the 
wash-off equation is primarily dependent on the successful estimation of k and CF. In 
this research study, both coefficients were estimated for roof surfaces based on the 
wash-off data obtained from the field investigations. Statistical measures of the 
predicted and observed values confirmed that the accuracy of predictions was 
satisfactory. Figure 6 shows the variation in observed and predicted values for fraction 
wash-off with rainfall intensity and duration.  
 
Values for k and CF were developed assuming similar pollutant wash-off behaviour for 
both cladding materials. Figure 6 also shows data points with FW > 1. It is hypothesised 
that this is primarily due to sampling errors and non uniform pollutant distributions on 
the roof surfaces. Based on the analysis of the data obtained from the field 
investigations, the optimum k value obtained for roof surfaces was 9.33 x 10-3 whilst 
the variation of CF was in three rainfall intensity ranges. CF varies linearly from 0.75 to 
0.91 for 20 to 40 mm/hr intensity range. It is constant at 0.91 for intensity range 40 to 
90mm/hr and then increases linearly from 0.91 to 1 for the 90 to 115 mm/hr intensity 
range. It is assumed that CF remains at 1 for any intensity greater than 115 mm/hr. The 
variation of CF for roof surfaces is closely similar to the variation observed for road 
surfaces as noted in Egodawatta et al., (2007).  
 
The wash-off coefficient k primarily varies with the surface type and its texture. 
Physically, it denotes the rate at which the pollutants wash-off from a surface. For 
smooth surfaces, wash-off is faster with a relatively higher k value and in the case of 
rough surfaces wash-off is much slower with an accompanying lower k value. This 
observation is confirmed by k being 9.33 x 10-3 for roofs and 8.0 x 10-4 for road 
surfaces as noted by Eogdawatta et al., (2007). CF primarily varies with rainfall 
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intensity. Physically, it denotes the maximum FW if a particular rainfall intensity were to 
continue for a long period of time. However, variation of CF for three rainfall intensity 
ranges suggests that characteristics other than rainfall intensity such as kinetic energy 
and turbulence created on the surface also play a role.  
 
As pointed out by number of other researchers, this research study also found that the 
highest pollutant concentrations were present in the initial part of the roof runoff events 
or the first flush (Quek and Forster, 1993; Spinks et al., 2003; Van Metre and Mahler., 
2003). However, the typical approach adopted in rainwater harvesting to bypass the 
initial flow originating from roofs may not be altogether effective as there is incomplete 
pollutant wash-off at the initial stage of the relatively smaller intensity events. These 
remaining pollutants have potential to wash-off as the intensity increases.    
 
Evaluating pollutant wash-off from the study results, it was found that only around 75% 
of the available pollutants are removed by a 20 mm/hr rainfall intensity whilst almost all 
the pollutants are removed during a 115 mm/hr rainfall event. It is not clear the exact 
reasons for the remainder of the 25% to remain on the roof surface for the 20 mm/hr 
event. In order to better understand the regime governing pollutant wash-off, the particle 
size distribution of each wash-off sample was analysed. The particle size distribution 
data was in volumetric percentages and was converted to weight percentages. The 
average distribution of weight percentages for roof surface wash-off samples is shown 
in Figure 7. 
Several important observations relating to the physical process of wash-off can be 
derived from Figure 7. Firstly, it reveals that the highest fraction of wash-off particles is 
in the size range of 0 to 100 μm. The average percentage of the particle size range less 
than 100 μm was 76% in comparison to the total wash-off. This shows significant 
inconsistencies with the particle size variation observed for build-up, where the 
percentage of particles less than 100 μm was only 55%. It could be argued that the 
results for the two studies are not comparable. This is due to the fact that the antecedent 
dry days were different for the build-up and wash-off studies. The wash-off samples 
belong to a 7 day build up whereas build-up samples belongs to a range of antecedent 
dry days varying from 1 to 21 days. However, there was no variation observed in the 
particle size distribution in build-up samples as discussed previously.  
 
As evident in Figure 7, the particle size distribution for the different intensities is 
closely similar except for the increase in the percentage of finer particle for the rainfall 
intensity of 115 mm/hr. This indicates that the 115 mm/hr intensity has mobilised 
additional finer particles when compared to other intensities. This finer fraction would 
have remained on the surface during the less intensity rainfall events. Due to the 
relatively high angle of a roof and lower surface texture, it would be incorrect to assume 
that these particles are entrapped within the surface roughness elements. However, it is 
quite possible that these finer particles may have adhered to the cladding material due to 
physical, chemical or electrostatic bonds.  
 
It is clear that the particles that remain on roof surfaces during smaller rainfall 
intensities are significantly fine. It can be surmised these particles are the fraction that 
mobilises lastly from roofs and probably escape from an initial bypass in the case of 
rainwater harvesting. It is understood that the finer particles have potential to contain 
relatively high concentrations of adsorbed pollutants such as heavy metals and 
hydrocarbons (Herngren et al., 2005a; Sartor et al., 1974). On the other hand, particles 
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in these size ranges take a long time to settle by gravity and even can re-suspend due to 
smaller disturbances. This signifies the need for more sophisticated treatment other than 
simple filtration devices being fitted to rainwater tanks.    
 
4. CONCLUSIONS 
 
The research study into pollutant processes on roof surface led to the following 
conclusions: 
• Pollutant build-up is independent of the roof cladding material.  
• The rate of pollutant build-up and the final (approximate) value it asymptotes to is 
significantly less for roof surfaces when compared to roads.  
• Most roof surface pollutants originate from atmospheric sources and the particle 
sizes are significantly finer.  
• Pollutant build-up on roof surfaces can be replicated using a power equation. The 
requisite empirical parameters for the equation have been defined as part of the 
research study. 
• As the antecedent dry days increased, there was no change in particle size 
distribution of the pollutants. Therefore, it can be surmised that the physical 
processes of pollutant accumulation and re-suspension exert the same level of 
influence for all particle size ranges.  
• Pollutant wash-off from roof surfaces can be replicated using an exponential 
equation. It can be surmised that the process of pollutant wash-off is similar for all 
impervious surfaces due to the fact that the mathematical equation derived for 
replication is comparable to that for road surfaces.  
• Highest concentration of pollutants was noted during the initial period of a runoff 
event, thus confirming the occurrence of the first flush. However, simple 
volumetric measures to avoid the collection of pollutants during rainwater 
harvesting may not be adequate.  
• Only a small amount of pollutants is generally retained on roof surface after a rain 
event. Therefore, it can be hypothesised that pollutant build-up typically starts 
from zero.  
• It can be argued that the finer particle size ranges adhere to roof surfaces due to 
bonding. These particles are only mobilised during relatively high rainfall 
intensity events.   
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 Figure 1 Cladding material mounted on scissor lift arrangement 
 
Figure 2 Rainfall simulator 
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Figure 3 Rainfall simulation on roof surfaces (left) and sample collection (right) 
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Figure 4 Observed build-up and performance of build-up equation 
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Figure 5 Particle size distributions of roof surface build-up pollutants 
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Figure 6 Observed wash-off and performance of wash-off equation 
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Figure 7 Average particle size distributions of washed-off pollutants 
 
 
 
 
 
 
Table 1 Particle size distribution for roof surfaces 
 
Solids (Volumetric percentage) 
Size class (μm) 
Corrugated steel roof Concrete tile roof 
<10 3.3 3.3 
10-100 54.5 46.8 
100-200 16.2 19.5 
200-400 14.2 16.7 
>400 10.1 13.0 
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